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INTRODUCTION 
The magnetic properties of ferromagnetic materials are very sensitive 
to the mechanical treatment and condition of the material [1]. Therefore 
magnetic methods for non destructive evaluation of the mechanical properties 
of steels have received increasing attention in recent years. Techniques 
ranging from magnetic Barkhausen measurements [2,3,4], magnetoacoustic 
emission [5,6], residual magnetization [7], field rotation [8], hysteresis 
[9] and flux leakage [10,11] have all been developed with varying degrees 
of success. 
These methods are usually aimed at solving one of two essential 
problems: to measure intrinsic properties of materials such as micro-
structure, elastic strain, plastic deformation or creep; or to measure 
extrinsic properties such as the existence of cracks, voids or corrosion 
[12]. 
BACKGROUND 
We have initiated a program to investigate the effects of stress 
and strain on the magnetic properties of steels. Some results on the 
effects of elastic strain, both before and after application of a magnetic 
field have already been published [13]. The present work is concerned 
with the changes in magnetic properties of AISI 4130 and 4140 alloy steels 
which have already been subjected to plastic deformation. In this respect 
the results are analogous to the iso stress measurements in the earlier 
paper, and the a,H results of Bozorth and Williams [14]. 
When stress is applied to, or residual strain (plastic deformation) 
is induced in, a specimen of steel that is later subjected to a magnetic 
field, the hysteresis loop of the material is changed. These changes 
can be quantified as changes in a number of magnetic parameters which 
constitute the magnetic "signature" of the material such as coercivity, 
hysteresis loss, initial permeability, remanence, anhysteretic 
permeability and maximum differential permeability. 
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As Theiner and Altpeter [15] have indicated magnetic properties, 
although very sensitive to the mechanical treatment of the material, are 
also sensitive to the microstructure. They concluded that strain can 
only be determined by measuring several parameters, and we concur with 
this. Magnetic hysteresis provides several parameters from one measurement 
and in this respect would seem to be an ideal technique for determination 
of stress and strain. Once the strain dependence of these various 
parameters have been measured for a particular type of steel, magnetization 
measurements can be taken and from the results strain can be calculated. 
EXPERIMENTAL PROCEDURE 
The AISI 4140 steel specimens were cut from a 1.25 cm diameter rod. 
All 4140 specimens had therefore been subjected to the same heat treatment 
which produced a normal lamellar pearlite microstructure. Specimens were 
loaded in tension beyond the elastic limit and residual strain was 
determined by measuring the elongation after specimens were unloaded. 
Variations in magnetic properties within the group were consequently due 
solely to differences in residual strain. This was found to range from 
1.5% to 20% as shown in Table 1. 
Specimens of AISI 4130 steel were cut from a single rod bf 2.54 cm 
diameter. These were heat treated and then subjected to compressive 
loading. Residual strain was measured after the load had been removed. 
Measurements were made on specimens with strain intervals of 2% plastic 
deformation, up to a limit of 10%. Beyond this limit the specimens began 
to show evid~nce of buckling. 
Magnetization measurements were made using a microcomputer controlled 
magnetic hysteresisgraph described previously [16]. Magnetic parameters 
of interest, such as coercivity, hysteresis loss, remanence, and various 
permeabilities were determined from the raw data by a software analysis 
package. The magnetic parameters were then related to the state of strain 
of the material. 
Table 1. 4140 Steels 
Masnetic Pr02erties 
Strain Hardness 
Specimen e: WH BR H I I I c Pin Pan Pmax ~ 
3 0.015 61,621 6664 15.89 83 663 649 55 
4 0.0275 63,764 6142 17.81 72 525 534 56 
5 0.0575 58,917 5478 17.57 78 462 456 56.3 
6 0.0860 65,449 5366 20.41 61 438 422 58 
7 0.1150 58,437 5187 18.51 67 435 438 57 
8 0.1375 56,619 5104 19.02 64 428 425 58 
9 0.1600 65,114 5336 21.03 58 423 427 58.3 
10 0.1910 60,248 5170 20.64 57 390 456 59 
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RESULTS 
Effects of Microstructure on 4130 Steels 
The magnetic properties of the eight heat treatments of AISI 4130 
steel before plastic deformation revealed variations in initial 
permeability of between 64 and 797, in coercivity of between 6.04 and 
24.07 Oe and in hysteresis loss of between 41,466 and 96,191 ergs. cm- 3• 
These were due solely to differences in microstructure. 
When coercivity was plotted as a function of hardness, Fig. 1, a 
simple linear relationship was found which was independent of the 
microstructure of the steel. Earlier results on a number of AISI 1000 
series steels by Jiles and Verhoeven [17] showed that for a range of 
carbon contents the relation between coercivity and hardness remains 
independent of the microstructure. Similarly both the hysteresis loss 
and the logarithm of the initial permeability revealed dependences on 
hardness which were also independent of microstructure. 
The pearlite specimens in all cases had lower coercivities and 
hysteresis losses and higher initial permeabilities than the martensite 
specimens. This was due to higher residual microstrain in the martensite 
caused by the heat treatment needed to produce it which requires rapid 
quenching from high temperature. The bainite specimens had properties 
that were intermediate between the pearlite and martensite . 
• c 
Hardness RA 
Figure 1. Variation of coercivity Hc with hardness. 
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Effects of Strain on 4140 Steels 
The various magnetic properties of the AISI 4140 specimens are shown 
in the Table 1 together with hardness measurements and the residual 
strains. From these it can be seen that coercivity increased by 30%, 
while initial permeability decreased by a similar fraction, with tensile 
deformation of up to 19%. 
The magnetic parameters can be separated into two groups on the basis 
of their sensitivity to plastic deformation. Properties such as initial 
permeability and coercivity are sensitive to plastic deformation as shown 
in Figs. 2 and 3, while anhysteretic and maximum differential permeability 
are not, Figs. 4 and 5. Since P~n and ~x are dependent on applied 
stress, or elastic strain, this means that by measuring a combination 
of these magnetic properties it is possible to distinguish between elastic 
and plastic strain, and even to make separate estimates of each if they 
occur together. 
The coercivity, hysteresis loss and initial permeability are all 
dictated by domain wall pinning which is dependent on several factors 
including the presence of impurities, precipitates and the density of 
dislocations. The increase in plastic deformation from specimen to 
specimen caused an increase in dislocation density thereby raising 
coercivity while lowering initial permeability. 
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Figure 2. Variation of initial permeability of AISI 4140 steel with 
plastic deformation. 
1458 
He 10e' 
c 
, a 
~ 
20 
15 
4140 Steel 
10 
He = 16 + 28E 
10 20 
E'Yo 
Figure 3. Variation of coercivity of AISI 4140 steel with plastic 
deformation. 
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Figure 4. Variation of anhysteretic permeability of AISI 4140 steel with 
plastic deformation. 
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Figure 5. Variation of maximum differential permeability of AISI 4140 
steel with plastic deformation. 
Effects of Residual Strain on Magnetic Properties of 4130 Steels 
The residual strain in the form of a bulk compressive plastic 
deformation was found to affect WHo Hc and ~~ strongly. Other parameters 
such as BR were less sensitive to residual sf¥ain. 
The variation of hysteresis loss with strain E is shown in Fig. 6. 
In the pearlite specimens this was found to increase at a rate of 
typically 2.5 x 10 5 erg. cm- 3 per unit strain. Similarly for the bainite 
specimens, where the rate of increase was typically 1.5 x 105 erg. cm- 3 
per unit strain. The martensite was found to behave differently showing 
an increase in WH with strain up to 5% plastic deformation, but then 
showing a decrease. A similar type of behavior was shown in the 
coercivity and init"ial permeability ot the martensite. 
As the level of plastic deformation increases in the pearlite and 
bainite specimens this causes an increase in the number of dislocations. 
These dislocations then obstruct the motion of domain walls by pinning 
them, thereby causing an increase in coercivity and hysteresis loss while 
reducing initial permeability. In the martensite with high residual 
microstrain, such as Specimen 5, however, the process is more complicated 
since the application of stresses sufficient to cause plastic deformation 
can reduce the micros train within the material in such a way that 
dislocations are swept out of certain volumes of the material producing 
a mechanically softer specimen. This would explain the observed reduction 
in WH and Hc in martensite at higher strains. 
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Figure 6. Variation of hysteresis loss with plastic deformation of AISI 
4130 steel with various microstructures. 
The pearlite specimens, which were found to have the highest initial 
permeabi1ities (500-800 Gauss/Oe) and lowest coercivities (6-8 Oe) were 
the most sensitive to strain while the martensite specimens, which had 
the lowest initial permeabi1ities (60-200 Gauss/Oe) and the highest 
coercivities (13-24 Oe), were the least sensitive to strain. The 
properties of the bainite specimens were intermediate between these. 
The pearlite specimens had the lowest level of internal microstrain, 
and consequently the lowest density of dislocations of the these groups 
of specimens, as a result of differences in heat treatment needed to 
produce the three types of microstructure. This was also revealed in 
the hardness values. This explains qualitatively the differences in WH' 
Hc and ~~ between the three groups of specimens, and furthermore 
indicate~nwhy the strain sensitivities of the magnetic properties of the 
three groups are so different. 
CONCLUSIONS 
The present results on the magnetic properties of AISI 4140 steels 
after plastic deformation have a number of important implications for 
magnetic non destructive evaluation. 
Coercivity, hysteresis loss and initial permeability have been shown 
to be dependent on the level of plastic deformation. Coercivity 
increased by 30% while permeability decreased by the same fraction over 
the range of elongations of interest. 
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Maximum differential permeability was found to be insensitive to 
plastic deformation for most of the range of elongation. Since it was 
known that this parameter is dependent on elastic strain this result, 
when coupled with the results for coercivity and initial permeability 
gives a method of distinguishing between elastic and plastic strain on 
the basis of magnetization measurements. 
The effects of microstructure and residual strain on the magnetic 
properties of AISI 4130 steel have also been investigated. Strain caused 
a systematic variation in WH, Hc and ~~ • On the whole WH and Hc 
increased with strain while ~i decrea~gd, although this was not true 
in all cases, in particular fo¥ the martensite. The strain dependence 
of these parameters has been explained in terms of the increase in 
dislocation density in the pearlite and bainite specimens as the strain 
was increased. In the martensite specimens it is suggested that changes 
under strain result in the creation of volumes which are largely free 
of dislocations and hence both WH and Hc decreased at higher strain 
levels, while ~~ increased. 
~n 
The remanence was found to be weakly dependent on the residual 
strain, while the maximum differential permeability did not seem to vary 
in a systematic way with residual strain. 
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